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Society News

Obituary: Denzil Sencer

Itis with deep sadness that the Society learnt of
the passing of Denzil Spencer earlier this year.
Many of the Society members will recall that
Denzil was President of the Society in 1992-93.
He was born at Blyth in North Nottinghamshire
in 1943. After graduating in applied chemistry
from Loughborough University of Technology,
where he was awarded a 1st Class Honours
Degree, he joined the Steetley organsation
Research Department in Worksop. He was
later awarded a Ph.D at Loughborough
University after studying the high temperature
properties of Magnesia. He continued his
career at Steetley to become Technical
Director in 1973 of Ceramics Division. In
1980, he was appointed Managing Director
of the Ceramics Division and then Operations
Director for Steetley Refractories. Eventually,
he transferred to Steetley Brick developing

his career to coincide with the start of the
Company’s major investment programme, to
become Managing Director of Steetley Brick
and Concrete Products in 1987.

He also had senior positions and Directorships
in a number of external bodies, including the
Ceramic Industries Certification Scheme,
British Ceramic Research Limited, the Institute
of Ceramics, the National Federation of
Clay Industries and the Brick Development
Association.

In his later career, from 1994 onwards, he was
employed by Ibstock Brick and resigned as a
Director in 2014.

The Society and its members pass on our
deepest sympathies to his family and friends.

IMS Student Project Awards 2023

Calls are now being made for the 2023 IMS Student Project
Awards. Details and Competition Rules together with the
Entry Form for the 2023 Award are now available on the
website and are also reproduced in this issue of the journal.
Any queries should be made to Adrian Bell by email at
education@masonry.org.uk

Sustainability e-news from the
Masonry Society

The Masonry Society publishes a newsletter on sustainability
twice monthly which include a number of papers and articles
which may be of interest to our readers. Tools for Improving
Performance (February 28, 2023) and Considering the Whole
(March 152023) are the latest two. The link below provides access
to the Masonry Society Website from where the publication may
be found. https://masonrysociety.org/tms-sustainability-enews/

Further, TMS launched its Masonry Standards Online Platform
in August. The link below provides access to the portal.
https://masonrysociety.org/masonry-standards-online

Wienerberger — We Care for a Better
Tomorrow

Weinergerger remains committed to a sustainable future
despite recent difficult and unstable economic and political
conditions, increasing its revenues by 25% over the last year.
This growth is as a result of transforming the company into a
provider of innovative and sustainable system solutions in the
fields of ecological new build and renovation as well as water
management.

Even in the challenging 2022 business year, the company
adhered to its value-creating growth strategy and remained
focused on organic growth through innovation and an increasing
share of system solutions in its portfolio, as well as growth
through selected value-accretive corporate acquisitions. The
latter broadened the company’s system solutions competence
through the addition of prefabricated wall elements in Austria,
increased the exposure to the renovation segment in the field
of roofing accessories in Germany, expanded the in-house pipe
business in the growth region of South-Eastern Europe, and
enlarged the product portfolio by smart system solutions for
water management in Norway. In December 2022, by disclosing
its intention to take over significant parts of the Terreal Group,
Wienerberger announced the biggest step ever in the company’s
history within the framework of its value-accretive growth strategy.
By acquiring the successful European provider of innovative roof
and solar solutions, the company will significantly expand its
footprint in renovation and repair and evolve into the European
pitched-roof expert.

Irrespective of market conditions, Wienerberger has always
remained strictly focused on sustainability. In view of climate

change and the shortage of skilled labor, smart solutions for
resource-saving and energy-efficient building construction
and renovation as well as effective water management are
continuously gaining in importance. The company is addressing
these megatrends by providing solutions that are fit for the
future, climate-neutral, and fast and easy to apply, which in turn
generates added benefit for its customers.

In the interest of sustainability, the Annual and Sustainability
Report is available exclusively as an online document to be
viewed via a special interactive micro-site. It provides information
on current projects and developments from the World of
Wienerberger in the fields of ESG, innovation, digitalization,
strategy, and production, alongside presentations of employees
from many different fields of business and countries.

https://annualreport.wienerberger.com/2022/

H+H UK Taking a ‘reduce, reuse and
recycle’ approach

H+H UK have adopted policies which will improve the use of
resources and reduce waste in addition to minimising energy
consumption. The company has installed robust waste
management practices through a ‘reduce, reuse, and recycle’
approach. H+H International has set a target of zero waste
to landfill by 2024 however, in the UK this has already been
achieved ahead of schedule.

Any waste product from their factories is reused; at their Kent
plant waste material is crushed and re-introduced into the
production process while at their Yorkshire factory waste goes
into another product stream to become part of an aggregate
mix. These processes are now ingrained in their manufacturing
practices.

The company has also invested in using water efficiently and
aims to recycle wastewater wherever possible. For example,
at the Yorkshire plant condensate water from the autoclaving
process is collected as is all surface water from the yard and
all reject water from on-site water filtration systems. In this way
an estimated 60% of the company’s total water use on site is
recycled.

Further, H+H support the principles of a circular economy. At
present the company is investigating recycling and re-using
waste from construction sites and demolition rubble, which has
the potential to be re-used in the production of aircrete.

However, there are currently a number of challenges in recovering
and sorting aircrete waste across the wider industry. These must
be resolved in order to provide aggregate of a consistent quality
and to make the practice of recycling economic for manufacturers
or third-party recyclers. In this regard, H+H are supporting efforts
to standardise circular processes at an industry-association level
and through legislation.



Waste reduction is also being tackled in the transportation and
distribution process. For transportation and delivery purposes
AAC Blocks produced by H+H are loaded on to wooden pallets.
These are recovered, repaired where necessary and reused, a
policy endorsed by WRAP (The Waste and Resources Action
Programme). This service has diverted 22,000 tonnes of timber
from landfill this year alone.

In addition, H+H has minimised the environmental impact of their
packaging by using a thinner film. All the packaging material
incorporate 30% recycled content.

H+H’s latest Sustainability Report can be accessed at www.
hplush.com/sustainability-reports

IMS Meetings Update
11th International Masonry Conference July 2026

The 11th International Masonry Conference has been scheduled
for July 2026. Details of the location and exact dates will be
published in future issues.
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THE INTERNATIONAL MASONRY SOCIETY STUDENT PROJECT AWARDS 2023

The International Masonry Society invites submissions of work in which the principal focus of the

work is masonry. The award, which is for postgraduate students, is described below.

The Postgraduate Student Award would be for a project comprising an MSc dissertation, an
equivalent portion of a PhD study or a piece of work (which could include a design study) involving
masonry. Exceptional work submitted for this award may additionally be considered for the Arnold

Hendry Postgraduate Prize.

Each award will consist of a premium of £150, an International Masonry Society Certificate, and
membership of the International Masonry Society for the calendar year following the year of the

award.

In exceptional circumstances, more than one award may be made at the discretion of the judges who

will also determine the nature of the award.

RULES

1. Submissions must be presented in the form adopted by IMS for the submission of papers for
Masonry International (details are attached and are also available at www.masonry.org.uk).
Winning submissions will be considered for subsequent publication in Masonry International.
The maximum length of submission should not exceed ten pages.

2. Submissions must be made by an academic tutor who is a member of staff of the university or
college at which the work was carried out. Normally, the academic tutor will be the principal
supervisor of the work.

3.  Each submission must consist of a single MSWORD file of the work, accompanied by an
electronic copy of the signed entry form and a JPEG photo of the student. The documents should

be sent together to Dr Adrian Bell, email: education@masonry.org.uk.




10.

11.
12.

Submissions for the Postgraduate Student Award must be received by Dr Bell no later than
midnight (UK time) on 31 December 2023.

All submissions must be in English.

Submissions will only be accepted for individual work or for a significant individual
contribution to a group project (group work will not be eligible for consideration).

The work submitted for an award must have been undertaken as part of a course or research
programme completed in 2023. If part of a research programme or group project, the extent
of the student input should be stated on a separate sheet attached to the Entry Form, signed by
the student and the supervisor. The work must not have been published elsewhere in its
current form.

Submissions will be assessed by an independent panel of judges appointed by the Council of the
International Masonry Society. The decisions of the panel of judges will be final and no
correspondence can be entered into concerning the decisions.

All submissions will be considered for publication in Masonry International.

Winners of an award will be notified via the nominating academic tutors, normally within three
months of the submission dates.

Results will also be announced in Masonry International.

The International Masonry Society reserves the right not to make awards.

Professor John Roberts

The President

January 2023
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THE INTERNATIONAL MASONRY SOCIETY STUDENT PROJECT AWARDS 2023

ENTRY FORM

UnNIVETrSItY /COIIEEE: ettt e e r e e e re e e e e e e e e e e e en e e
ACAAEIMIC TULOT:T ittt e e et e s ee e sae e es e e aeees e s e e e snee s sreeennes sreeennas e-
MAail AAIESS: e e e e e er e e e en e e anneas
B2 (=] 0] 410 s U= OO PPRR PR TRYRRP
AdATESS: e e e e e e e e e s e eeeeeeenne e neeareenns

The following student has been nominated to represent my university/college for consideration for

the Postgraduate Award.

N 10 L6 L= Lo 0 7= 1 s 0 U< TR
COUTSE AN Y AT witureuiiieerertune e sesesssreass e seseessreass s ssssessesnnn sasssens en s sasssees eennnsansesensnnnnnsnn e-
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Notes

1.  Anelectronic copy of this form, completed in full, must accompany the submission.

2. laccept the conditions which apply to this award.

3. I agree to accept the decision of the judges as final and agree to permit free publication and
exhibition of my work by the International Masonry Society.

4.  Please include a JPEG photograph of yourself.

Signature (academic tUtOr): ....coccoiieiieireree e e Date: ..ooocevreeenen

[ declare that the report is all my own work.

Signature (student): e Date: ...ccocerienen.

Vi
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Heading in Arial 18 Point Bold Text
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ABSTRACT
An abstract of around 250 words should be the first section in
Arial font size 9pt italic text. The page format is A4 portrait
(width 21cm, height 29.7cm). Margins of: top 2cm; bottom
2cm; left 1.5cm; and right 1.5cm are to be used. Two columns
of 8.5cm width should be used, with spacing of 0.99cm.
Papers are to be prepared using Arial font and text is to be
single spaced. The main title, author and affiliations should
be size 10pt and centred. The bulk of the text should be size
9pt and fully justified except for section, figure and table titles
which should be centred. All papers must be written in English
language. All units and abbreviations of dimensions, efc,
should conform to Sl standards. The Society style is N/mm?,
not MPa. Please ensure N/mm? is used, particularly on
figures. The full text should not normally exceed 5000 words
or typically 12 pages.

This document may serve as a template for the preparation
of the papers and authors are advised to copy or type their
text directly into this document.

KEYWORDS: authors may list up to 6 keywords in lowercase
letters separated by commas.

NOTATIONS

Notations may be listed in the following format:
A explanation

B explanation

a alpha

B beta

1. INTRODUCTION

Each section should be numbered with the uppercase title
centred in the column. Subheadings should be in the format
below.

New paragraphs within the text should be indicated by
indenting at 0.25cm.

1.1 Heading to be inserted
Headings for subsections should be left justified, in bold and
all lower case.

1.2 Heading to be inserted

Headings for subsections should be left justified, in bold and
all lower case. If a sub-subheading is required, the format
below should be followed.

1.2.1 Heading to be inserted
Sub-subheading should be left justified and all lower case.

1.2.2 Heading to be inserted

Sub-subheading should be left justified and all lower case. If
yet another level of sub-heading is required, the format below
should be followed.

1.2.2.1 Heading to be inserted

These headings should be italic, left justified and all lower
case.

vii

2. EQUATIONS

Equations should be numbered with the equation appearing
on the left and the number, in brackets, appearing on the right
with a line space above and below the equation. All equations
should be referenced in the text. For example, see Equation
(1) below:

3. FIGURES AND TABLES

3.1 Figures

All figures appearing in the paper must be referred to in the
text. Figures may be photographs, graphs or drawings but
must be greyscale with no colour and should be placed at the
end of the paper. Figure captions should be bold, centred,
and placed below the figure. As an example see Figure 1 at
the end of this template.

3.2 Tables

All tables appearing in the paper must be referred to in the
text. Tables should have no colour or shading and be placed
at the end of the paper. Table captions should be bold,
centred, and placed above the table. As an example see
Table 1 at the end of this template.

4. DOCUMENT FORMAT

Papers are to be submitted electronically in Microsoft Word in
a format compatible with previous versions of the software.
Student Awards entry forms and papers should be sent to Dr
Adrian Bell, email: education@masonry.org.uk.
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quoted in full. The volume number should be in bold, with the
issue number in parentheses. This is followed by the page
number(s) and date. Private communications, unpublished
work or restricted publications should not be quoted, but may
be mentioned in the text. The Harvard method of referencing
is also permitted as an alternative.

1. SMITH, T.J., BROWN, R.W. and WHITE, A. Title of the
Paper, Masonry International 25, (1), 8, 2012.

2. TAYLOR, H.F.W., Chemistry of Cement, 2™ Ed,
Thomas Telford 1997 pp231-235



Figure 1 Title of figure in lowercase, Arial font size 9pt,

Title of table in lowercase Arial font size 9pt, bold and

bold and centred

Table 1

Notes should be placed below the table

centred
No. Model T|tleas in bold and I;:entred in thec cell
1 CC10 21.0 5.6 84
2 uYe 18.3 9.1* 4.4
3 HG7 14.5 8.5 7.2
4 JP4 16.6 5.8 6.1
5 MC14 Not applicable

viii



Prediction of the Seismic Behaviour of an Iconic Masonry
Pagoda in China

P.X. WANG®, G. MILANI™, S.C. LI®.®
() Politecnico di Milano, Department of Architecture Built Environment and Construction Engineering, Piazza
Leonardo da Vinci, 32, 20133, Milan, ltaly
(2 School of Architectural Science and Engineering, Yangzhou University, 225127, China.
() Jiangsu Huajian Construction Co., LTD, 225002, China.
peixuan.wang@polimi.it, gabriele.milani@polimi.it, lisc@yzu.edu.cn

ABSTRACT

Relevant damage to historical masonry structures mainly
comes from earthquakes. This paper focuses on the
prediction of the seismic behaviour of a masonry pagoda in
China using non-linear static and dynamic analyses, whose
results are then compared with a more straightforward
procedure, represented by a limit analysis with
pre-assigned failure mechanisms. Pushover and non-linear
dynamic numerical simulations are carried out in Abaqus
which can satisfactorily predict the generation and
development of earthquake-induced damage in masonry
structures. At the same time, manual limit analysis is an
important tool for common practitioners to assess seismic
vulnerability quickly and effectively. Together they
represent, therefore, an excellent protocol to follow. This
research applies the above methods to an ancient iconic
Chinese masonry pagoda — namely the Zhongjiang South
Pagoda, located in the Sichuan province PRC. It has an
octagonal cross-section containing a central room and a
staircase that spirals upwards in a clockwise direction. After
the 2008 Wenchuan Earthquake, Zhongjiang South Pagoda
suffered serious damage. Surveys have shown that seismic
loads caused a bottom-up crack in the middle part of the
pagoda and almost activated the collapse by rocking on an
inclined plane through the bottom 2-3 floors. The numerical
results obtained are in general agreement with what
occurred in reality and provide positive recommendations
for the protection and repair of ancient masonry pagodas
and towers in general.

KEYWORDS: seismic vulnerability; masonry pagoda;
numerical simulations; limit analysis; collapse mechanism

1. INTRODUCTION

Chinese historical architecture, stemming from one of the
most important ancient civilizations, is a precious heritage
that must be preserved. Such architecture includes
masonry pagodas, unique and important historical
structures deserving of preservation. Pagodas are widely
dispersed across the Far East, but they are mainly
concentrated in China. Records show that more than
10,000 pagodas have been built and roughly one-third still
stand [1]. From a structural point of view, they are massive
cantilevers characterized by materials with low tensile and
shear strength, and so not able to resist seismic events,
even ones of moderate intensity [2]. However, China is
prone to severe earthquakes and damage and collapses
observed in masonry pagodas are mostly a consequence of
them. For example, the pagoda of Famen temple in Shaanxi
collapsed because it was not repaired and strengthened
after a strong initial shock [3]. The Wenchuan Earthquake
on May 12, 2008 also devastated masonry structures in the
Sichuan region, including pagodas. However, current
knowledge of the behaviour of pagodas under horizontal

loads stills needs further improvement. Further, immediately
after a strong earthquake, it is of paramount importance to
identify the damaged parts in a timely and efficient manner,
predict damage development, and propose remedial
protection measures.

Xi'an University of Architecture and Technology,
Southeast University, Yangzhou University in China,
Politecnico di Milano in ltaly, Seoul National University in
South Korea, the University of Minho in Portugal, and many
other renowned university research centres [4-9] have
made great efforts in the past few decades to predict the
seismic behaviour, to identify the dynamic characteristics,
and to evaluate the reliability of the calculation methods
currently used in assessing the effects of earthquake on
masonry structures. Recent studies have shown that under
the application of horizontal loads, pagodas may collapse
due to well-defined failure mechanisms being triggered.
These mechanisms have been classified. In [10,11], for
instance, the upper bound (kinematic) theorem of limit
analysis has been proposed to quickly evaluate the seismic
vulnerability of masonry towers, which exhibit geometries
and materials similar with pagodas. Based on this, five main
collapse mechanisms have been identified, namely:
1) vertical splitting in two parts, 2)base rocking,
3) overturning with diagonal cracks (“a Heyman”
mechanism), 4)a combination of spliting and diagonal
overturning, and 5) base sliding [10-12]. Of these, vertical
cracking in the middle part of the element seems to be the
most common damage observed. This manual limit
analysis method has a short calculation time, low
computational cost, and is easy to understand. However, it
can only provide the collapse multiplier under a given pre-
assigned mechanism. This approach seems suitable for
pagodas, which are expected to behave in a similar way,
structurally.

However, no information is given on the displacements at
collapse, and the assumption of pre-assigned failure
mechanisms could lead to an overestimation of the load-
carrying capacity.

Non-linear Finite Element analyses are currently a
common approach for simulating damage propagation in
masonry towers and pagodas subjected to earthquake
loads. Commercial Finite element software, such as
Abaqus, Ansys and Adina have been widely used in the
recent past, and with their comprehensive libraries of fragile
material models, they can provide a deep level of insight
into the actual behaviour of masonry structures in general,
far beyond the elastic limit [13-23]. By taking the necessary
measures to enhance the convergence of calculations and,
if used by experienced technicians, they could provide
valuable information on the expected behaviour of masonry
pagodas. However, they are complex to run for someone
not an expert in the field, because they require the user to
set a large number of mechanical and numerical
parameters.

Journal of the International Masonry Society Masonry International Vol 35. No 2. 2023
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Considering the advantages and disadvantages of the
above-mentioned finite element approaches and manual
limit analysis methods, this paper applies a mixed set of
rules based on both complex FE computations and direct
limit analysis aimed at the protection of masonry pagodas in
general, selecting the Zhongjiang south pagoda as a case
study. In particular, both pushover and non-linear dynamic
analyses are carried out, and the results are compared with
those provided by a simple manual limit analysis. The
purpose is to accurately assess the damaged parts of the
masonry pagoda after a possible earthquake similar to that
which occurred in 2008, reproducing the crack patterns
developed and predicting the ultimate seismic acceleration.
Comparing the results obtained using different methods
could be extremely important in implementing a protection
plan based on the reducing seismic vulnerability, as
conceded by many other similar case studies.

2. HISTORY of ZHONGJIANG SOUTH PAGODA
2.1 Background of Zhongjiang South Pagoda

Zhongjiang South Pagoda is located in Zhongjiang City,
Sichuan Province (Figure 1). It was built in the Wanli period

8063

(a) Current situation

(b) Plan of the first floor

of the Ming Dynasty and is a provincial-level cultural relic
protection unit. The lower level of the pagoda opens to the
north, and the horizontal cross section is octagonal, with a
side length of about 8 meters. Its height is about
30.2 meters. There are nine floors inside the pagoda, and
each floor can be visited. There is also a central room for
storing scriptures and scrolls. The central room is in the
north part of the pagoda body. Doors facing in different
directions are present on the facades of each floor, and
windows may be opened on those facades without doors.
From the viewpoint of the facade, the Zhongjiang South
Pagoda reduces in section as one moves upwards,
regularly over the first seven floors, then more rapidly over
the last two [2].

On May 12, 2008, a magnitude 8.0 earthquake occurred
in Wenchuan, Sichuan, China. Zhongjiang South Pagoda is
about 114km from the epicenter of Yingxiu city (Figure 2)
and was seriously damaged. The pagoda body cracked, the
eaves collapsed, and the pagoda spire fell. From 2009, as a
consequence of such events, the Chinese government
organized a series of targeted restoration works to
effectively protect the traditional architectural heritage of the
country [24].

(c) Location

Figure 1 Zhongjiang south pagoda [2]

Figure 2 The distance between Zhongjiang south
pagoda and the epicenter of the Wenchuan earthquake
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3. NUMERICAL SIMULATIONS

To analyse the seismic vulnerability of the pagoda and
study how damage could spread within the structure, finite
element analysis has been used. Several pushover
analyses and two non-linear dynamic numerical simulations
have been performed using the commercial software
Abaqus.

A research team of Yangzhou University and Shaanxi
Architectural Design and Research Institute conducted
on-site tests on the brick materials of each layer of the
Zhongjiang South Pagoda [2,24-27]. The strength of the
mortar was measured by the pouring method. The design
value for masonry compressive strength was determined by
referring to the specification "Code for Design of Masonry
Structures" GB 5003-2001 [28]. Based on the on-site test
results and considering the degraded characteristics of this
type of ancient masonry as recorded in the literature, in this
paper, the mechanical properties used are summarized in
Table 1. Particularly low values for the tensile strength and
the fracture energy in tension were chosen, to reproduce as

closely as possible the near zero-tension material
hypothesis.
Masonry is composed of bricks and mortar, each

component having relatively regular textures. Globally,
though, the behaviour is expected to be orthotropic, and the
crack pattern could be influenced by such a feature.

However, no numerical models are available in Abaqus to
deal with such features. Nevertheless, when the well-known
Concrete Damage Plasticity model CDP of Abaqus, was
suitably adapted via the set parameters, it proved to be
reasonably accurate in the prediction of the global
behaviour of such structures even in the absence of
orthotropy. Therefore, pushover and non-linear dynamic
analyses are carried out utilising the adapted CDP. The
parameters that specifically refer to CDP are summarized in
Table 2 and have been gleaned from a number of
references [29-31]. To avoid spurious additional-strength
characterized by unrealistic hardening, low values for the
viscosity parameter (0.0001) are assumed, a choice that
ensures the accuracy of the simulation results and prevents
overestimations of the capacity.

3.1 Modal analysis

Based on previously conducted sensitivity analyses, the
discretization of the pagoda is made using 58777 solid
linear elements (Figure 3(a)) to ensure calculation accuracy
and save calculation time. A preliminary modal analysis
shows that the first (along X) and the second (along Y)
vibrational modes of the structure are typical for a cantilever
(Figure 3), with periods of about 0.59g, corresponding to
accelerations located in the descending branch of the
spectrum.

Table 1
Material properties of Zhongjiang south pagoda’s masonry

Specific weight Young’s Modulus Poisson’s ratio
18kN/m® 1600MPa 0.25
Compression Strength Tensile Strength Tensile Fracture Energy |
1.5MPa 0.05MPa 0.007N/mm
Table 2
Parameters of CDP model in abaqus
Dilatancy Eccentricity fb0/fcO Viscosity
Angle Parameter
10° 0.1 1.16 0.0001

fb0: initial equibiaxial compressive yield stress.
fcO: initial uniaxial compressive yield stress.

(a) Geometric configuration and
discretization of the pagoda in Abaqus

(d) 3rd mode: 6.9395Hz

L.

(b) 1st mode: 1.6737Hz

Lo
(e) 4th mode: 6.9725Hz

z

L.

(c) 2nd mode: 1.6829Hz

(f) 5th mode: 7.0791Hz

Figure 3 Different vibration modes
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3.2 Pushover analyses
The pushover analysis method is a representation of a
seismic analysis obtained by applying statically and
monotonically increasing horizontal loads to a structure,
mainly to study the nonlinear performance when it enters
the plastic state under the action of an earthquake.
According to the obtained capacity curve (shear force at the
base of the structure vs displacement at the top for a
tower), the seismic capacity of the structure is evaluated.
Pushover is an approximate approach that converts
dynamic problems into static ones. In this research,
pushover analyses are conducted along four directions,
namely X+, X-, Y+, and Y-, and applying two kinds of load
distributions, G1 and G2. In G1, the primary distribution of
forces is directly proportional to the mass and increases
linearly with the structure's height. This distribution is
commonly called the "inverted triangle distribution" in the
Italian code and various other codes of practice. G2 load
distribution is also proportional to the mass but remains
constant throughout the structure's height [31]. Although the
masonry pagoda with its octagonal plane is almost
symmetric, each facade has different openings, and the
inner central rooms are close to the northern part.
Therefore, slight differences in the simulation results were
expected for the different cases, which are worth
investigating. Investigations are based on the capacity
curves in terms of agg (normalized shear at the base
over the gravity acceleration), displacement of a node
located at the top as shown in the paper, and a discussion
is also made looking at the resulting damage found at
failure.

The results show that the damage of the pagoda under
G1 and G2 loading conditions in the same direction is
similar. In Figures 4-11, no matter the direction, the seismic

AMAGET
(ava: 75%)
19

(a) Compressive damage

(b) Tensile damage

loads act in, the damage is mainly suggestive of an
overturning at the base with diagonal cracks, with damage
spreading from the first to the third floors. The elastic
behaviour is lost in a range between 2.5mm and 3mm of top
displacement.

The crack pattern found, however, does not fit that
observed with sufficient accuracy. Intuitively, the vertical
splitting crack occurring in reality, should also be seen in
the simulations because the internal central rooms are
mainly located near the northern part of the pagoda; the
external walls are therefore less thick, and their tangential
shear strength could be insufficient to prevent the diffusion
of shear cracks. A possible explanation of such
misalignment with experimental evidence could be due to a
too-rough discretization of the structure. It should be
pointed out here that surveys have also shown that a crack
develops longitudinally on the north facade. The crack first
appears on the first floor and gradually extends upwards
along the openings. This is mainly because the thickness of
the wall in this part is small, and hence the bearing capacity
is lower. The aforementioned damage pattern could be in
agreement with that found numerically in the non-linear
static analyses.

Figure 12 shows all the capacity curves plotted on the
same graph, and it is possible to see that the G2 loading
condition exhibits a higher ultimate ag/g of around 0.225g,
whilst - and as expected - the G1 distribution is
characterized by a lower ultimate load of around 0.17g. In
the present pagoda, although the central rooms are
distributed close to the north side of the pagoda body, the
capacity curves under seismic loads along the positive X
and negative Y directions are not very different. Pushover
results, at least globally, seem not particularly sensitive to
such geometric features.

s L1 1558

Drisplacement [m

(c) Capacity curve

Figure 4 Results of pushover analysis in X+ direction with G1 load
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Figure 5 Results of pushover analysis in X+ direction with G2 load
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Figure 6 Results of pushover analysis in X- direction with G1 load
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Figure 9 Results of pushover analysis in Y+ direction with G2 load
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Figure 12 Capacity curves of Zhongjiang south pagoda

3.3 Non-linear dynamic analysis (NLDA)

To have further insight into the prediction of the actual crack
pattern that can develop during a seismic event, two
non-linear dynamic analyses were also performed. To
define the seismic input for the NLDA, an accelerogram has
to be selected. In this work, an artificial accelerogram is
generated (spectrum-compatible accelerogram) using the
spectrum provided for that region by the Chinese seismic
code. There is also a real accelerogram available, which is
the ground motion recorded during the 2008 earthquake by
Wolong Wenchuan station, but this station is not particularly
near the earthquake epicenter, a feature that could
considerably reduce the peaks of acceleration that actually

25

could act on the pagoda and could therefore, in principle not
accurately predict the crack pattern developed. It is
therefore considered unsuitable for the present case study,
and this is the reason why the spectrum-compatible
accelerogram of Figure 13 is used. It has been computed
from the elastic spectrum provided by the Chinese Building
Code [32] by using the SeismoArtif software [33]. Before the
implementation, the artificial accelerogram was filtered by
the SeismoSignal software [34] to reduce anomalous peaks
and hence strengthen the computational efficiency.
Furthermore, the peak acceleration has been scaled to
0.14g, in accordance with the collapse acceleration found in
pushover analyses with a G1 distribution.
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A cross-check with the results obtained with pushover
analyses suggests that such an accelerogram would be a
good one to induce the necessary damage to the pagoda
and be able to initiate a collapse mechanism. A classic
damping of 5% was assumed.

Two non-linear dynamic analyses are performed along the
X and Y directions respectively, applying the acceleration
history at the base. As can be seen from Figure 13, when
applying the accelerogram along X, damage first appears at
the openings on the third floor of the north and south
facades within about 4 s. Subsequently, the crack extends
upwards and downwards in the vertical direction. After 5.8s,
the crack reaches the sixth floor and develops further in a
Y-shaped pattern towards the east and west directions. It is
worth noting that there is also a vertical crack that appears
at about 5.5s on the east and west facades. After around
8s, the masonry pagoda can no longer bear the earthquake
loads, the number of cracks in the pagoda increases, and
the masonry structure overturns and collapses.

When the accelerogram is applied along the Y direction
(Figure 14), the vertical crack appears at around 3.4s, along
the center line of the east and west facades. When the
crack reaches the sixth floor, it alters, growing obliquely
towards the north direction. After 6s, the cracks spreads
above the sixth floor in the north and south directions and
upwards in a Y-shape. Up until 13.3s, the damage spreads
further, simulating the entire seismic event.

Comparing the collapse mechanisms provided by
pushover and non-linear dynamic analyses, there are

certain similarities and differences. The horizontal load
exerted by pushover on the pagoda is obviously
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unidirectional, and the main reason for collapse seems to
be the activation of an overturning effect along the direction
of the applied load resulting in the formation of inclined
cracks at the lower 2-3 floors. Simultaneously, a vertical
crack spreads up the middle of the pagoda, but it does not
extend to the top. The seismic load exerted on the pagoda
in dynamic simulations shows that although the structure
still has the risk of overturning along the transverse section
of the bottom layer, the most important damage is the crack
developing in the middle that runs through the pagoda body
from bottom to the top.

Setting a control point (Figure 3(a)) at the center of the top
of the tower and observing the time-displacement history
(Figure 15), some interesting observations can be made.
First, the displacements of the pagoda in the X and Y
directions are very similar up to 8s because there is a high
degree of symmetry. The maximum displacement occurs
within 6-8s and reaches about 16cm-18cm. Also, between 6
and 8s, the vertical crack develops and stabilizes in both
cases. The difference is that when the seismic load is
applied along the X direction, the crack starts widening, the
collapse mechanism activates completely, and the tower
collapses during the seismic event. On the contrary, the
final residual displacement for the Y direction is close to
zero, which indicates that the tower has developed a crack
pattern completely compatible with the collapse but still has
some residual capacity and remains in equilibrium under
vertical loads. The application of after-shock accelerograms

of moderate intensity is expected to cause the structure to
collapse.
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Figure 13 Results of non-linear dynamic analysis in X direction
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Figure 14 Results of non-linear dynamic analysis in Y direction
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Figure 15 Displacement time-history for NLDAs under the spectrum-compatible accelerogram

4. MANUAL LIMIT ANALYSIS

A manual limit analysis along the X+ direction with G1 load
distribution was also performed [10-12], in which five pre-
established collapse mechanisms are assumed and
summarized in Figure 16. The failure planes of Mechanism
n.3 and n.4 are taken with inclination angles equal to 30°,
45°, and 60° with respect to the horizontal direction. In
mechanism n.5, a friction angle of 30° is assumed
(Figure 16).
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Table 3 summarizes the results in terms of collapse
accelerations obtained using manual limit analysis. Vertical
splitting into two parts (mechanism n.1) exhibits the
smallest collapse acceleration, which is 0.135g., meaning it
is the mechanism most likely to occur, at least in a limit
analysis  prediction; considering both the rough
simplifications of the approach used and the damages
observed after the earthquake, this is valuable information
for a possible future implementation of a strengthening
procedure to reduce the vulnerability. However, the collapse
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acceleration of mechanism n.4 is also close to the minimum
one, a feature that tends to justify the predictions of both
pushover and non-linear dynamic analyses. Discrepancies
may be caused by the different material models and
parameters used by the two analysis methods, which do not
have anything in common. In any case, considering again
mechanism n.4, the acceleration at collapse for an angle
equal to 30° for the rocking plane is equal to 0.168g, which
overestimates the pushover prediction by 13.5%, a result
that from an engineering standpoint appears fully
acceptable.

5. CONCLUSIONS

In this paper, an iconic masonry pagoda (Zhongjiang South
Pagoda) was selected as a case study to predict its seismic
vulnerability using different computational methodologies,
namely non-linear static, non-linear dynamic, and limit
analyses. Despite the very different material models used in
the analyses and the approximations introduced, all results
converge to a well-defined value of collapse acceleration
and a failure mechanism characterized by the spreading of

.:l"
NI_’
X

Mechanism n.1: vertical
splitting in two parts

o
L
X

Mechanism n.4: a combination of
splitting and diagonal overturning

Mechanism n.2: base rocking

a big sub-vertical crack. The presence of secondary rocking
on an inclined plane near the base is also predicted by all
the methods used.

The authors’ future research directions will focus on the
application of the protocol proposed to more masonry
pagodas with different geometries and architectural features
to consolidate the reliability of the approach proposed. A
further development will be to remove the restriction of
manual limit analysis made at the beginning, namely the
apriori assumption of a certain mechanism active, for
instance, by a discretization into Finite Elements or Distinct
Elements of the geometry [35-39]
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Mechanism n.3: overturning with
diagonal cracks (“a la Heyman”)
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Figure 16 Manual limit analysis of Zhongjiang south pagoda in X+ (0°) direction with G1 load

Manual limit analysis of Zhongjiang sgj’:)r:engoda in X+ (0°) direction with G1 load
Mechanism Inclination Angle [°] Collapse multiplier of Zhongjiang south pagoda [g]
#1 / 0.135
#2 / 0.269
30 0.236
#3 45 0.219
60 0.200
30 0.168
#4 45 0.178
60 0.210
#5 / 0.577
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ABSTRACT

The Canadian masonry design standard (code of practice)
can be particularly conservative when it comes to the
design of walls deemed slender. One of the major
contributors to the conservatism is the definition of the
effective flexural stiffness of the wall. The effective stiffness
is a term which can be used in linear analysis to determine
the flexural displacement of a wall accounting for the fact
that the wall may be cracked in the zone of high moment
and thus the stiffness is actually non-uniform over its height
— the effective stiffness essentially averages the actual
stiffness over the height. An experimental test program
performed in the mid-1970s at the University of Alberta, in
which the lateral displacement profiles of the walls tested
were recorded at increasing loads up to failure, was used to
evaluate the current provisions of the standard and to
develop a better equation to define the stiffness. The
equation derived involves the eccentricity of the applied
axial load as well as the slenderness of the wall. The
approach to determining the equation is described together
with reasons why some walls showed higher effective
stiffnesses than that calculated for an uncracked section.
The proposed equation is applicable to the data set
analysed and further work needs to be done to determine if
it has wider applicability.

KEYWORDS: concrete blockwork, walls, slenderness,
effective stiffness.

1. INTRODUCTION

The design of slender masonry walls using the Canadian
masonry design standard [1] (equivalent to a code of
practice for the design of structural masonry in other
countries) has been shown to be overly conservative [2,3].
Muiller et al. [2] analyzed the results of nine test programs in
which slender walls were loaded axially and at times
laterally and tested to failure. Comparisons were made
between the experimental failure loads of the walls to
predicted failure loads as per the Canadian Standard [1].
The underestimation in design capacity in the slender wall
design provisions in the Standard was demonstrated and
the inaccuracy shown to be more significant for taller walls
and lower axial load eccentricities. Isfeld et al. [3,4]
extended the work and showed through modelling that
many walls were failing with the mortar joints not displaying
any flexural cracking (mortar and units remaining in full
contact) (Table 1) — not as expected from a flexural or
buckling mode of failure.

Slender walls are identified in the standard by their
effective height to thickness ratio and are expected to be
subject to significant secondary moments. Primary
moments are applied at the ends of the wall (e.g. through
eccentricity of axial load) whereas secondary moments
develop through the height of the wall, being the axial load
multiplied by the lateral displacement of the wall as it

deforms horizontally. Thus, secondary moments amplify the
effects of primary moments.

Walls for which slenderness effects are to be considered
are expected to experience out-of-plane failure, in contrast
to “short” walls which are expected to experience material
failure. The Standard [1] requires slenderness effects to be
considered when:

khft= (10 — 3.5(% ) 1)

where kh is the effective height of the wall which depends
on the support conditions at the top and bottom; t is the wall
thickness and e1 and ez are the eccentricities of the axial
load at the top and bottom of the wall respectively. So, for
example, a wall with the required minimum eccentricity of
axial load at the top and bottom of /10 on the same side of
the centre-line, is considered slender if the effective height
to thickness ratio exceeds 6.5. Thus, a wall constructed of
200mm concrete block is considered slender once the
height reaches 1.3m. That is, a seven course (1.4m) high
wall 200mm wide is expected to undergo out-of-plane
failure when loaded at an eccentricity of one-tenth of the
thickness, top and bottom, whether hollow or fully grouted.
A wall so loaded would be subject to compression across
the whole section, so flexural failure would not occur, and
the Euler buckling load is about twenty times greater than
the load that would cause compressive failure in the
outermost compressed fibre. The conservatism is evident.
Further evidence of the inaccuracy of the standard in
predicting slender wall behaviour is provided in the tests of
Hatzinikolas et al. [5,6]. These authors tested walls that
were all considered slender by the standard but show two
types of failure — compression and flexure. Analysis of the
reported displacements of the walls, presented in part here,
confirms non-flexural failure in some cases, demonstrating
further the need for the relevant clauses in the standard to
be reconsidered.

The standard also specifies that a slender wall with kh/t
less than 30 may carry 80% of the axial capacity of the wall,
whereas if the slenderness is greater than 30, then only
10% of the axial capacity is permitted. This step change in
permissible load is in stark contrast to the equivalent
clauses in many other standards where the allowable axial
load decreases as a continuous function of slenderness, as
illustrated for TMS 402/602-22 [7] and ECG6 [8] in Figure 1.
The inconsistency needs to be addressed as walls with
slenderness just under 30 might be at risk of failure while
those with slenderness just over 30 are inefficient in their
use of the material.

The use of wall thickness to define slenderness rather
than radius of gyration is perhaps a consequence of rules
developed for solid brickwork. In a solid section, the radius
of gyration is V12 (3.46) times the thickness. Thus, the point
of division of 30 in Figure 1 for the Canadian standard is the
same as approximately 100 if radius of gyration were used.
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Table 1
State of bed joints at masonry wall failure for pinned-pinned fully grouted concrete masonry walls subject to different
load eccentricities, as per Isfeld et al. (2019): ¢ = closed (no flexural cracking), p = partially open (flexural cracking
partway across a joint), f = full opening (cracking right the way across a joint with point contact remaining)

Wall h/t elt=0 elt=1/110 elt=1/6 elt=1/4 elt=1/3 elt=1/2.5 elt=1/2
5 c c c c p f f
10 c c c c p f f
20 c c C p p f f
30 c c c p f f f
40 c c c p f f f
60 c f f f f f f
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Figure 1 Permissible axial loads as a function of slenderness ratio (defined here as height to thickness)
for three different international standards, CSA S304-14 [1], TMS402/602-22 [7] and EC6 [8]

Two methods are described in the standard [1] to account
for the secondary moment, moment magnifier and Pd. The
moment magnifier is expressed as:

M =M Cm = M
"'lmr_"'r;ll__P‘r'__"'rp (2)
'Pl'r

where Mot is the total moment (accounting for the
secondary moment). My is the primary moment calculated
from the initial axial and lateral loads and P is the initial
axial load. Pcr is the critical axial compressive load defined
in the standard as:

Fr= ""T:‘ti’sr'::ﬂ:'e,r',r'l"'['::l +0.56;)(kh)¥) (3)

where Elet represents the effective flexural stiffness and
serves to account for the loss of wall cross-section utilized
in resisting bending as the wall cracks in the high moment
area. Thus, Elerr is an average stiffness over the height of
the wall accounting for the fact that part of the wall has
cracked. As such Elerr provides the lateral displacement of
the wall when used in standard linear elastic displacement
calculations. [ 4 is the ratio of the total factored dead load
moment to total factored moment and 4, is the resistance
factor for the member stiffness used in the determination of
slenderness effects on the capacity of reinforced masonry
(a different factor ¢ is used for plain masonry). Cm is the
moment diagram (shape) factor defined in [1] as:

Cop = 0.6+ 0.4M, /M, = 0.4 (4)

where M1 and Mz are the moments at the top and bottom
of the wall, not respectively, but with M2>M;.

Similarly, in the P& method, the lateral displacement of the
wall, &, is determined through repetitive linear elastic
analysis starting with the initial uncracked stiffness, Elo (lo is
the second moment of area of the uncracked section),
determining the lateral displacement, adjusting the moment
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to include the secondary moment, recalculating the
displacement and iterating with Elest until the secondary
moment and lateral displacement are stable.

Thus, the accuracy of both methods depends on the
accuracy of the estimation of the effective stiffness of the
wall. In the standard [1], the effective stiffness is defined as:

8 —8

Tl (5)

(EDef = Em[0.251,— (0.25, — Iy)(

for reinforced walls, but with the condition that Eles is less
than 0.25Emlo and greater than Emler. Em is the modulus of
elasticity of the masonry, ler is the second moment of area
of the cracked section and ex is the kern eccentricity. For
plain walls Eles is simply 0.4Emlo.

Thus, for a given wall, the flexural stiffness can be one of
two values — uncracked or effective. That is, it does not
matter what the extent of cracking is caused by the primary
and secondary moments, the stiffness is fixed. It would
make much more sense that the effective stiffness
depended on the loads and eccentricity, because those
factors affect the extent of cracking and therefore how much
the stiffness of the wall has changed from the uncracked
state. The objective of the work described here therefore,
was to develop a way of determining the effective stiffness
of a genuinely slender wall based on the axial load applied
and its eccentricity.

Given the concerns outlined above, the masonry industry
in Canada is seeking to improve the Canadian design
standard in respect of the design of slender walls. To that
end, the industry has supported experimental tests in four
universities across the country and theoretical work has
been pursued. That work has progressed with the objective
of creating a logical design procedure which allows
designers to determine if a wall will fail in compression,
flexure of through buckling. As the Euler buckling load
involves the flexural stiffness of a wall, it remains important
to predict the effective stiffness accurately: the work
presented here is one step toward that goal.
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2. METHOD

Various experimental programs [5-6,9-12] on slender
concrete masonry walls were studied to see which provided
suitable data for an assessment of the effective stiffness. Of
these, only the Hatzinikolas et al. reports [5,6] had sufficient
information for the intended analysis. Walls with different
combinations of grout and reinforcement were tested.
Details of the walls and their construction are presented
in [5] with lateral displacements up the height of each
individual wall presented in [6]. The concrete blocks used
(stretcher units, half blocks, end blocks) had strengths of
about 17N/mm?2. The walls were constructed with Type S
mortar (1:0.5:4.5, Portland Cement: Lime: Sand) and
coarse grout. The 28-day strength of the mortar was
17.5N/mm?2 with a coefficient of variation of 8.3%, whereas
the grout had a strength of 16.4N/mm? with a coefficient of
variation of 10.6%. Masonry prisms and short walls failed at
various strengths from 10.3 to 14.4N/mm? depending on the
presence and type of joint reinforcement and whether the
specimens were fully or just face-shell bedded. Plain walls
in the group analysed here were reported to have a strength

of 12.6N/mm?2. The walls were from 12 to 22 courses in
height and a metre wide (an end block, a stretcher block
and a half block in each course, constructed in running
bond).

All the walls were tested under pinned-pinned end
conditions with various levels of axial load eccentricity: the
same load eccentricity was applied at the top and bottom
of each wall as it was tested. All the walls were
deemed slender according to Equation (1). Only those walls
subject to single curvature were analysed in this study.
Only one of each combination of wall type and
eccentricity was tested. Thus, for example, group B
consisted of five walls nominally the same (same grouted
area, same vertical reinforcement): of these five walls,
one was tested when axial load was applied at each of
the eccentricities of zero, t/6, t/3, 2t/5 and t/2. The walls
analysed are listed in Table 2. As may be seen in the
table, use of the clauses in the Standard [1], including
Equation (2), overestimate measured displacements by
considerable amounts when axial load is applied at low
eccentricity. The equations were more accurate with higher

eccentricities.

Table 2
Hatzinikolas et al. [6] Recorded lateral deflection vs. calculated lateral deflection using CSA $304-14 [1]

Wall Slenderness Vert. Eccentricity Failure Recorded Calculated Calculated (CSA
Name Ratio Reinf. Load Test Deflection S304-14) to Test
(kN) Deflection Deflection Ratio
(m/m) (Imp.)* (mm) (mm) (mm)

A1 13.8 Plain 19.4* 1246 1.3 254 19.5
A2 13.8 Plain 32.3 708 7.0 16.5 24
A3 13.8 Plain 64.5 357 10.0 13.8 1.4
A4 13.8 Plain 19.4* 1068 1.0 18.9 18.9
A5 13.8 Plain 76.2 116 8.0 4.8 0.6
B1 13.8 3#9 19.4* 1868 4.0 655.7 163.9
B2 13.8 3#9 323 1423 10.2 110.5 10.9
B3 13.8 3#9 64.5 622 26.7 37.7 1.4
B4 13.8 3#9 76.2 689 26.7 52.0 2.0
B5 13.8 3#9 88.9 511 19.1 39.3 21
C1 15.9 3#9 19.4* 890 1.0 37.3 37.3
C2 15.9 3#9 19.4* 1601 1.0 26.2 26.2
C3 15.9 3#9 323 1110 16.5 1271 7.7
C4 15.9 3#9 64.5 556 25.6 49.1 1.9
C5 15.9 3#9 76.2 545 42.0 56.1 1.3
C6 15.9 3#9 88.9 400 40.6 41.5 1.0
D1 18.0 3#9 19.4* 1068 25 364.7 145.9
D2 18.0 3#9 19.4* 1868 3.3 39.1 11.9
D3 18.0 3#9 323 890 24.0 143.0 6.0
D4 18.0 3#9 64.5 484 40.6 59.0 1.5
D5 18.0 3#9 76.2 420 48.3 55.1 1.1
D6 18.0 3#9 88.9 369 53.3 52.7 1.0
H1 18.0 3#6 19.4* 1868 0.1 54.7 1215.9
H2 18.0 3#6 32.3 1154 15.0 56.5 3.8
H3 18.0 3#6 64.5 384 34.3 157.5 4.6
H4 18.0 3#6 76.2 290 43.2 134.1 3.1
H5 18.0 3#6 88.9 249 57.0 181.2 3.2
11 18.0 3#3 19.4* 1423 0.1 1.7 1042.2
12 18.0 3#3 323 965 16.5 47.2 2.9
13 18.0 3#3 64.5 240 3.0 82.2 274
14 18.0 3#3 76.2 146 4.0 67.8 16.9
15 18.0 3#3 88.9 108 9.0 110.7 12.3
L1 24.3 3#9 19.4* 1868 15.0 71.3 4.8
L2 243 3#9 32.3 667 18.0 42.6 24
L3 24.3 3#9 64.5 400 76.2 142.7 1.9
L4 243 3#9 76.2 356 79.0 124.9 1.6
L5 24.3 3#9 88.9 326 96.0 120.2 1.3
M1 243 Plain 19.4* 623 5.0 95.8 19.2
M2 24.3 Plain 323 534 25.0 87.1 3.5

#lmperial bar sizes convert to metric in a soft sense as: #3 being akin to a metric #10, a #6 to a metric #19 and a metric #9 to a #29.
*In this case axial load was applied concentrically, but as per CSA S304-14 [1] a minimum eccentricity of 19.4mm (0.1t) is assumed for the
calculation. Hatzinikolas et al. [5,6] used blocks with a 194mm thickness (nominal 8 inch blocks with actual width 7% inches): such blocks are

not commonly used in Canada today
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The uncracked flexural stiffness of each wall type was
calculated from the wall geometry and the material
properties presented in [5]. Then, given the Iateral
displacements provided, Pcr and the effective stiffness of
the wall could be determined for each load step where the
displacement profile was presented. Equations (3), (4) and
(5) were used as appropriate with linear analysis for the
displacement. lteration is required for a solution, but the
effective stiffness for that specimen subject to the specified
load can be determined. Results like those shown in
Figure 2 were obtained for all relevant sets of data. As in
Figure 2 for the wall loaded at an eccentricity of t/6, some
sets showed that for walls subject to loads at low axial
eccentricity there was no change in the effective stiffness
with increasing axial load. Indeed, occasionally, the initial
effective stiffness was one of the lowest values! It was clear
therefore, that for these specimens, there was not
progressive cracking from flexure.

Indeed, Hatzinilolas et al. [5] note that the walls failed in
one of two fashions and examination of pictures in their
report confirm that one mode was flexural with the wall
displacing laterally and joints opening on the tension side of
the wall, while the other was compressive failure with
multiple cracking parallel to the height of the wall. Walls like
C3 (tested at an eccentricity of t/6) appeared to fail in
compression with little lateral displacement, as may be seen
in Figure 3. The walls loaded at t/6 had small lateral
displacements, so the apparent flexural stiffness changes
litle with increasing load, even apparently doing the
impossible and increasing as the load increased. Typically,
the walls loaded at a low axial load eccentricity were
deflecting less than is predicted in the deflection equation
for a given load. This was because when the eccentricity fell
within the kern, the load had to be a large proportion of the
axial capacity before any cracking occurred and a
secondary moment developed and at that point most of

those walls experienced significant drops in their Eles
values. When walls that clearly flexed were analysed, given
the displacement profiles presented in [6], results shown in
Figures 4 to 6 were obtained. Note that in some instances,
increased flexural stiffness was determined for some of
these walls at very low loads — possibly due to the accuracy
of the instrumentation and the experimental arrangement.
Figures 4 to 6 reveal the importance of eccentricity and the
fact that the flexural stiffness declines as the load
increases. That is, the stiffness decreases as the lateral
displacement and the amount of cracking increase. In all
cases the stiffness has fallen to about 40% of the
uncracked stiffness as the load reaches about 40% of the
critical load.

With the relevant data plotted in Figures4 to 6, an
iterative approach was employed to obtain an appropriate
logarithmic function to describe the change in stiffness with
load. The objective was to create an algorithm that slightly
underestimated the effective stiffness for each load
increment for a set of walls which had axial load applied at
the same eccentricity but were of varying slenderness
ratios. The approach was something between trial and error
and a formal Newton-Raphson analysis. A more
sophisticated curve fitting approach was not employed
because the aim was not to create an equation to provide
the best approximation of the values of the effective
stiffness term, but rather to underestimate the stiffness at
each load increment and thus provide a conservative
estimate. Additionally, due to the sample size used for this
analysis as well as the lack of variability in material and
construction (as only walls used from the Hatzinikolas et al.
[5] testing program were analyzed), it was deemed sufficient
simply to iterate for the most appropriate equation. A
logarithmic function most accurately followed the curve of
the relationship between normalized axial load vs.
normalized effective stiffness.
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Figure 4 P/Pcr vs. Elest/Elo plot for walls loaded at an axial load eccentricity of /3
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Figure 6 P/Pcr vs. Elest/Elo plot for walls loaded at an axial load eccentricity of t/2
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3. RESULT

The following equation was determined as being
appropriate for the objective of the work:

% = —|IIZI.IZI5 " {i}}ln[}}ﬂ.z, EL; <EL  (6)
Where Eleff is the effective stiffness, Elo is the original
stiffness of the wall, t is the wall thickness, e is the axial
load eccentricity, P is the applied axial load and Pe is
critical buckling load as determined with Equation (3).

The result of using this equation may be seen in
Figures 7, 8 and 9. The value of 0.2 was added to the
equation after being adjusted to ensure the selected
equation just minimally underestimates the effective
stiffnesses at the load points. To account for the shape of
the function varying as the axial load eccentricity is
changed, a shape factor was introduced to the equation in
the form (0.05*t/e). The value of 0.05 was selected as
providing the most appropriate shape of the equation
relative to the available data points. The points below the
function at low loads are not of concern as the data points
at low loads were highly variable, on both the up and down
sides of effective stiffness as mentioned before. Points for
walls H3 and H4 in Figures 7 and 8 fall just below the
proposed relationship and it is not evident from the
reports [5,6] why the stiffness of these walls degraded
slightly more than the stiffness of other walls. The majority
of points are above the curves from the proposed equation
and thus the equation is deemed to be satisfactory.

4. DISCUSSION

It is clear from the numerical results presented by Isfeld et
al. [3] and the results of the Hatzinikolas et al. testing [5,6]
that not all walls deemed slender by the Canadian masonry
design standard [1] fail by flexure or buckling. The standard
appears conservative in many instances and out of step
with other standards in terms of its provisions.
Hatzinikolas et al. [5] show that walls loaded axially at low
eccentricities failed through material compressive failure
while Isfeld et al. [3] predict similar behaviour with their
modelling. Isfeld et al. also looked at fix-fix end boundary
conditions which showed no joints being cracked at failure,
up to slenderness of h/t = 60.

The standard therefore forces unnecessary over-design of
many walls. A new approach should be considered in which
the wall failure mode is considered in the first instance
through examination of both the slenderness, preferably
designated as the ratio of height to radius of gyration, axial
load eccentricity and lateral load on the wall. In this context,
the proposed equation could be used to determine a more
accurate effective stiffness value for walls which are
deemed to fail in flexure, rather than walls expected to
experience material failure (based on their slenderness,
axial load eccentricity and lateral loads).

Finite element models of walls with and without lateral
loads were used to assess the degree to which the lateral
loads affect the walls’ failure mode and capacity [13]. The
applied lateral loads represented average Canadian wind
pressures as per the National Building Code of

35 Journal of the International Masonry Society Masonry International Vol 35. No 2. 2023

Canada [14]. Unreinforced and ungrouted concrete block
walls with height to thickness ratios (h/t =10, h/t =20,
h/t = 30 and h/t = 40) were modelled. In particular, the study
focused on wall models which were loaded at low axial load
eccentricities to determine whether these walls failed by
material compressive failure even with the applied lateral
load, as would have been expected after reviewing the
results from Isfeld et al. [3] and Hatzinikolas et al. [5,6]. Wall
models were loaded at axial loads eccentricities of 0, one
tenth of the wall thickness and one sixth of the wall
thickness. Most walls tested as part of the Hatzinikolas et
al. testing program which were loaded at an axial load
eccentricity of one sixth of the wall thickness did not
experience a significant reduction in flexural stiffness and
experienced a material compressive failure. This is
consistent with the fact that for a solid wall, an eccentricity
of one sixth of the wall thickness is the edge of the kern and
axial load applied within this eccentricity should lead only to
compressive stresses over the cross-section. In their
modelling, Ahmed et al. [13] found that all joints were
closed at failure except in the case of h/t being 40, with the
axial load at e = t/6 and lateral wind load. In this latter case
some joints were partially open (partially cracked) at
ultimate load. Without the lateral load, all joints remained
closed. Once the likely wall failure mode has been
identified, the wall should be designed against the load that
causes that failure, whether it be material compressive
failure, flexure or buckling. Here, a flexural failure is one
where the flexural tensile strength is exceeded on the outer
tensile fibre leading to failure, whereas buckling implies
instability leading to a large lateral displacement at constant
load prior to failure.

5. LIMITATIONS

There are several limitations to this work. First and foremost
is the lack of experimental data excepting the
Hatzinikolas et al. work against which to judge the proposed
equation. These authors only tested one of each type of
specimen and loading. Further testing is therefore required
in which the lateral displacement profile of the walls need to
be recorded as a function of load. Such testing should
include hollow concrete masonry walls as well as partially
grouted walls. A shift in the Canadian standard to using
radius of gyration rather than wall thickness, would remove
the current penalty on these walls for having a larger radius
of gyration than for a solid wall. Testing and/or modelling
needs to be done with maximum wind loads rather than
average so that clauses can be developed for the standard
which are conservative. Further testing/modelling also
needs to be completed with validated models to explore the
effects of different strengths of masonry, the effects of
different end eccentricities (the analysis for developing the
proposed equation only considered walls subjected to the
same end eccentricities) and the effects of double
curvature. The literature needs to be examined to see
whether the equation works with brickwork, and/or
stonework, or whether separate equations are needed for
these materials. In essence, the proposed equation is only
applicable to the walls from which it was derived and further
work is needed to show its applicability on a wider scale.
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5. CONCLUSIONS

The Canadian masonry design standard is behind other
standards in several respects when it comes to the design
of slender walls. Improvement is required. One problem is
the definition of the effective flexural stiffness which governs
the estimated buckling load of a wall. Using the only set of
comprehensive test data available, it has been possible to
develop a conservative equation for that effective stiffness,
which is a function of the applied load, and thus the extent
of flexural cracking in a wall. Using this equation, both the
buckling load and the lateral displacement of a wall can be
estimated with greater accuracy than when using the
current provisions in the standard.
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ABSTRACT

Seismic analysis requires consideration of bidirectional
loading components which have been shown to be more
critical compared to unidirectional excitations. Bidirectional
loading histories tend to reduce the actual capacity of
structural members and accelerate their strength and
stiffness degradation. With respect to unreinforced masonry
(URM) buildings, bidirectional interaction has been an area
in which limited experimental research has been carried out
to date. In this regard, no quasi-static tests have been
undertaken to study the effect of bidirectional interactions
and therefore no loading protocol which represents the
failure of URM buildings under bidirectional loading has
been established. Hence, the existing numerical models
have not been validated for their capacity to capture the
interaction response of masonry piers. This study looks at
employing the novel testing methodology of pseudo
dynamic hybrid simulation to investigate the effect of
bidirectional interaction on the response of unreinforced
masonry piers. In this approach, the unreinforced masonry
pier is modelled analytically in the host computer and
experimentally tested simultaneously. The numerical model
communicates with the experimental specimen to obtain the
unknown response parameters which cannot be
characterized by the numerical model independently.
Accordingly, the  combined  numerical-experimental
response provides the complete response of the structural
member. Results suggest that there is considerable
difference between the response of an unreinforced
masonry pier under unidirectional and bidirectional loading
in terms of strength capacity, stiffness degradation and
hysteresis energy dissipation. Also, pseudo dynamic hybrid
simulation provides valuable indicators regarding the future
course of testing protocols for capturing bidirectional
interaction in URM buildings.

KEYWORDS: Unreinforced masonry, Pseudo-dynamic
testing, Hybrid simulation, Bidirectional interaction

NOTATIONS

xa  Displacement response of secondary system

%z Ground acceleration

xw Displacement response of primary system

Xip  In-plane displacement

Xoop Out-of-plane displacement

kxd In-plane Stiffness of secondary system along global x

direction

kyd In-plane Stiffness of secondary system along global y
direction

kw In-plane Stiffness of primary system along global x
direction

kyw In-plane stiffness of primary system along global y
direction

koxsw Out-of-plane stiffness of out-of-plane walls along global
x direction

koyw Out-of-plane stiffness of out-of-plane walls along global
y direction

myw Seismic mass of primary system

mg  Seismic mass of the secondary system

Mmoop Out-of-plane wall mass

m  |dealized seismic mass

cip  Damping in the in-plane direction

Coop Damping in the out-of-plane direction

1. BACKGROUND

The components of seismic load paths in an Unreinforced
Masonry (URM) building are as shown in Figure 1. At any
floor level, the seismic response of an URM building can be
considered as a combination of the response of in-plane
walls, which can be termed as the primary system; and the
diaphragm and out-of-plane walls, termed the secondary
system. For rigid floor diaphragms, the displacements and
accelerations at each point in the diaphragm will be the
same and equal to the response of the supporting in-plane
walls, provided there is adequate connectivity between
them. However, for flexible floor diaphragms, the response
of the diaphragm will be different from that of the in-plane
walls. Hence, a proper understanding of the interaction
between components of the primary system and secondary
system is essential for defining the overall seismic response
of URM buildings. The primary system can be further
discretized into vertical members called piers, horizontal
members called spandrels and the connecting link between
piers and spandrels idealized as rigid nodes as shown in
Figure 1.

URM buildings with flexible diaphragms can be considered
as rigid wall-flexible diaphragm buildings. In classical
building response idealization, the entire building responds
as one single unit whose response is governed by the
primary lateral load resisting elements which also include
the diaphragms. In rigid wall-flexible diaphragm buildings,
the overall seismic response will be dominated by the
deformation of the flexible diaphragm thereby resulting in
typical local failure modes in the form of out-of-plane wall
detachments. Hence, the diaphragm and out-of-plane walls
need to be considered as a separate secondary system.
The deformation demand at the top of out-of-plane walls will
be equal to the deformation of the diaphragm since they act
in a combined manner constituting the secondary system
(Figure 2).
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2. DYNAMIC RESPONSE OF URM BUILDINGS

The two-dimensional response (along the horizontal plane)
of URM can be defined using 9 degrees of freedom as
shown in Figure 3. This includes the displacement response
of the primary system along the x and y directions (xw and
yw) as the first two degrees of freedom (x1 and y1). Further,
the displacement response of horizontal floor diaphragms
along the x and y directions (xa and yd) are considered as
the next two degrees of freedom (x2 and y2). The
displacement response of out-of-plane walls along the x and
y directions (xoop and yoop) are considered as the final
translational degrees of freedom (x3 and ys). Further, there
will be the rotation of the above three elements defined
along the xy plane as the three rotational degrees of
freedom (81, 62, B3). The masses and stiffnesses
corresponding to the above three elements (primary
system/in-plane walls, diaphragms and out-of-plane walls)
are denoted using mw, md and Moop and kw, kd and koop along
both x and y directions.
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Rotational degrees of freedom are not considered in
this study, it is considered as a symmetric URM building
which thereby reduces the 9 dof system to 6. This
simplifies the analysis methodology to only addressing the
problem of bidirectional interaction in URM buildings; the
major aspect considered in this research. The x and y
translational degrees of freedom of out-of-plane walls
(corresponding to x3 and ys) are not considered as part of
the global system. This is because the stability of
out-of-plane walls can be considered independently in the
assessment scheme using non-linear kinematic analysis
or limit analysis methods as appropriate for the assessment
of out-of-plane walls. However, in the presence of strong
connections between the diaphragm and out-of-plane walls,
there will be a critical contribution from out-of-plane walls
as part of the secondary system in determining the
deformation of the diaphragm (xz and y2). This contribution
from out-of-plane walls has been considered by including
the mass and stiffness of the out-of-plane walls in the
secondary system.
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Figure 4 shows a URM building subjected to bidirectional
seismic excitation. The displacement response at any floor
level can be defined using the displacement at the top of
in-plane walls (response of the primary system), denoted as
xw and the displacement of the floor diaphragm and
out-of-plane walls (response of the secondary system),
denoted as xq. Accordingly, the equation of motion for the
coupled response of the building at any floor level can be
expressed as shown in Equation (1) [1]. The restoring force
contribution from damping is not considered in these
equations, owing to the simplification in representation.
Accordingly, from Equation (1), the equation of motion for
the response of the primary and secondary system can be
defined using Equations (2) and (3) respectively:

- + [ + g ] e+ Rl | g
[mfl mxﬁ] %111} — E‘_ﬂ fﬁ::l.-u]i Ej;ﬁ-i E:i
=[G

[m.u-.'] {I“} + [k.m'] {xw} + [kxw + 'r'-'u].-w] ({xw} - {xd }}

= —Imy, {2} (2)

ity = n .

[yl (g + (kg + Koy | (e gd = Gy )

= —lmy,){x; 3)

Traditionally, the seismic assessment of URM buildings has
assumed rigid diaphragm constraints. When the diaphragm
is rigid, the rigid wall-flexible diaphragm building idealization
cannot be used and the entire building responds as one
single system, classical box-action. Hence, the
displacement response of the building will be defined only in
terms of the response of the in-plane walls as shown in
Equation (4), where ‘m’ represents the total seismic mass of
the system. Thereby, the displacement response of the
building will be defined only in terms of the response of the
in-plane walls as:

[l 3+ ey 1} = —[ml{z;) @)

However, recent research has shown that for URM buildings
with flexible/semi-rigid diaphragms, the response of the
secondary system is equally important in the overall
response of the structure, especially under bidirectional
loading.
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Figure 4 Idealization of URM building under bidirectional seismic excitation
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3. BIDIRECTIONAL INTERACTION IN URM BUILDINGS

A critical aspect that has been neglected so far and which
should be considered in the assessment of URM buildings is
the effect of bidirectional loading. This effect has not been
explicity addressed due to the absence of well-defined
failure mechanisms for URM buildings under bidirectional
loading and also due to the simplification in performing the
analysis. With respect to URM buildings, the seismic
resistance is assumed to be derived only from the in-plane
strength capacity of the walls. Out-of-plane strength
capacity is not considered to be contributing to the seismic
resistance of the structure. This is true under unidirectional
loading, where each masonry wall will be part of either the
primary system (as an in-plane wall) or the secondary
system (as an out-of-plane wall) only. However, under
bidirectional loading, the same wall will be a part of the
primary system in one direction and the secondary system
in the other, at the same time. The equations of motion
along each direction of motion respectively can be defined
as shown in (5) and (6):

:H%'m: ] ][En} " [-ﬁxlﬁl + [z"}xd- + Re}‘n‘]l _[';“xd! + "Q'u_vlw] ":w}
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=_ [ma“_ mu:;d] ﬁj} o
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-0 Mygd L¥LS _[&'ﬂ T E’ﬂﬂlll [Em' + Ffm:ﬂ W

- 206
0 myallyy (6)

It is important to note that kxw and koxw are stiffnesses of the
same wall along in-plane and out-of-plane directions
respectively and stiffness degradation along one direction
can impact the response in the other direction. Hence, it is
important to view the wall as an element undergoing
bidirectional response and investigate the effect of the
out-of-plane response to the in-plane response of the wall
and vice versa. To isolate bidirectional response of the
primary system from that of the secondary system and to
avoid the effect of coupling between the two, the responses
of the primary system and secondary system were
considered as statically uncoupled in this study. This results
in the off-diagonal terms of Equations (5) and (6) becoming
zero and getting reduced to Equations (7) and (8)

respectively.
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From (7) and (8), the bidirectional response of the walls
oriented along the x direction can be shown as:

[0 13} (K 1} = —[mg, 125, 9)
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Hence, the response of a URM wall under bidirectional
loading can be defined using Equations (9) and (10), where
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k.. and k', represent the updated in-plane and
out-of-plane stiffness of the wall considering the effect of
each on the other, termed “bidirectional interaction” in this
research.

Bidirectional interaction in URM structures is a topic into
which a very limited number of research investigations
([2-8]) have been undertaken. Among these, only a few
studies have examined the effect of out-of-plane actions on
in-plane capacity through experimental investigations
([2-3],[8]). However, all these tests were static monotonic in
nature. Nevertheless, the results of these studies have
shown that the attainment of in-plane strength capacity is
limited by the presence of out-of-plane actions. Hence,
ignoring the same could result in non-conservative capacity
estimates for the structure.

Bidirectional loading tests on structural members show
that the response is highly dependent on the loading pattern
[9]. Any bidirectional loading history tends to reduce the
actual capacity of a structural member and accelerate its
strength and stiffness degradation. The response and failure
modes of the structural elements are also path dependent in
the case of bidirectional loading. Similar tests with different
loading paths results in different damage progression [9].
Hence, the failure mode needs to be always correlated with
the load path. Therefore, for capturing the effects of
bidirectional loading, the choice of a realistic bidirectional
loading protocol is of prime importance due to the response
dependency of structural members on the imposed loading
path. Researchers have employed a number of bidirectional
loading paths for quasi-static tests, viz: diagonal, square,
circular, ellipse etc. for studying bidirectional interaction
problems. However, there is very little guidance available on
which protocol is representative of the actual response
during an earthquake due to the randomness in ground
motion and variability in member response. URM piers have
completely different responses and modes of failure along
orthogonal directions. So far, a cyclic loading history which
is representative of the damage evolution and the actual
displacement path followed by URM buildings during
seismic actions has not been established. Shake- table
testing can simulate the seismic loads on the structure
accurately by considering the inertial effects. However, to
develop a loading history consistent with damage evolution
and establish analytical relationships between the different
parameters involved, will require the testing of many more
specimens. To abrogate the need for numerous expensive
laboratory tests, more sophisticated techniques need to be
employed able to trace the real behaviour of URM buildings
under bidirectional loading. Therefore, pseudo-dynamic
testing is being resorted to which incorporates the
advantages of shake table testing into quasi-static testing by
implicitly accounting for the effect of dynamic loading.

4. PSEUDO DYNAMIC HYBRID SIMULATION

The Pseudo-Dynamic (PSD) test method is a computer-
controlled testing technique that enables dynamic testing of
structures in the non-linear range while using the same
loading equipment that is used for quasi-static testing [10].
Using this method of hybrid simulation, the entire structure
can be experimentally tested and modelled analytically on
the host computer. The numerical simulation of the structure
under dynamic loading is carried out based on the
information measured directly from the experimental
sub-structure as the experiment progresses. It also allows
for more sophisticated tests where a portion of the structure
is experimentally tested (sub-structuring) while the rest of
the structure is analytically modelled which enables
significant simplification for MDOF systems.
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Although PSD tests have been adopted in tackling a
variety of problems ([10-14]), the novelty of using these for
bidirectional interaction studies is well accepted. The
primary motivation for employing PSD tests to study
bidirectional interaction effects is the dependence of
damage evolution on the bidirectional loading protocol in
quasi-static tests. One of the first pseudo-dynamic tests
implemented in Japan [15] was to address the effect of
bidirectional interaction in reinforced concrete moment
resisting frames. It was understood that the coupling effects
of orthogonal ground motion amplifies the response and
realistic behaviour cannot be obtained from static tests
alone. In addition, the validity of the numerical models to
account for bidirectional interaction effects necessitated the
use of pseudo-dynamic tests to study the effects of the
bidirectional response in different structural systems. These
included the study of elastomeric bearings subjected to
coupled bidirectional response effects ([16-17]), bidirectional
response of multi-storied reinforced concrete buildings
([18]), strength and stiffness degradation of RC bridge piers
under bidirectional loading ([19-20]), Buckling Restrained
Brace Frames ([21-23]), post-tensioned column with energy
dissipators ([24]) etc.

With respect to URM buildings, PSD tests have been
carried out for different objectives. Pacquette and Bruneau
[25] employed PSD tests to study the interaction between a
flexible floor and rigid wall in URM buildings. Anthoine and
Molina [26] carried out PSD tests to assess the earthquake
resistance  of modern masonry constructions in
central/northern Europe. Wenfeng et al. [27] used PSD tests
for investigating the efficacy of retrofitting masonry
residential buildings with precast steel reinforced concrete
walls.

Hybrid simulation refers to the process of integrating
substructure responses, captured on different platforms
(experimental or numerical) so as to obtain a combined
system response. It is resorted to, particularly in cases
where:

a) The full scale experimental setup to capture an entire
system’s response is cumbersome and hence the
system is sub structured into multiple components and
their individual responses are integrated together. The

entire process of conducting experimental tests for
capturing unknown component behavior and
incorporating the experimentally obtained response in
a numerical model is achieved through a single hybrid
simulation.

b) A numerical model for representing a component
response is unavailable and how the component
interacts with the global system needs to be captured.

The main components for executing hybrid simulations are:

4.1 Integration Module (IM): These are the main software
modules in which the majority of the structural system
are modelled. These communicate with the
substructure module using a communication link
established between them.

4.2 Sub-structure Module (SM): The sub-structure module
is the module which is extracted out of the structural
system for communicating with the integration module.
For numerical hybrid simulation, this element is
modelled in detail in the same/separate software
platform. For experimental hybrid simulation, the
specimen is experimentally tested with commands
coming from the integration module and responses
sent back to the same. This consists of the Interface
Programme, Data Acquisition System, Actuator
Controller and the actuator (Figure 5). The interface
program, called the Network Interface for Controllers
(NICON) [28] receives commands from the network
based on a standardized data exchange format
(UTNP), converts the received digital displacement
command from IM to analog voltage signals and sends
it to the actuator controller through a NI Data
Acquisition Device (NIDAQ) which can generate
analog input/output signals. The analog signal is then
sent to the actuator and applied on to the specimen as
actuator stroke displacements.

4.3 Communication: This consists of the communication
protocol (rule by which the Integration Module
communicates with the Substructure Module) and the
data exchange format. The data exchange library
compiled in any of the languages to facilitate
communication between IM and SM.
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5. METHODOLOGY

To study bidirectional interaction response in URM buildings
using PSD testing, the geometry of the experimental
specimen was fixed based on a typical URM wall with
opening as shown in Figure 6. The thickness of pier was
chosen as 230mm (representing the standard thickness of a
one brick thick wall in a single story URM building). The pier
geometry was configured based on Figure 6 which
illustrates the pier spandrel idealization typically adopted in
URM buildings.

There are infinite possible displacement paths for a URM
pier to undergo when subject to bidirectional displacement
cycles. Among them, the three direct paths are:

1.  In-plane displacement
displacement

2. Out-of-plane displacement
displacement

3.  Simultaneous in-plane and out-of-plane displacements

followed by out-of-plane

followed by in-plane

The problem addressed in this research work when an URM
is under bidirectional interactions is the effect of out-of-plane
displacements on the in-plane capacity since the lateral
resistance for URM walls is derived from the in-plane
direction. For these reasons, load path 2 would not be
applicable to the current research and the choice would be
between load path 1 and load path 3. Under bidirectional
ground motion, the system is more likely to choose load
path 3, over load path 1, because it is associated with the
least energy for moving to the displaced configuration.

The URM pier which is a part of both the primary and
secondary system is defined by Equation (9) along the
in-plane direction and Equation (10) along the out-of-plane
direction. Accordingly the integration module and
substructure module for PSD testing is defined as shown in
Figure 7. The integration module consists of the numerical
model as a mass-spring-dashpot system along both in-plane
direction and out-of-plane direction.

Two PSD tests were carried out using the substructure
module corresponding to a URM pier governed by a flexural
rocking mechanism. The first one (Unidirectional PSD test)
corresponds to a unidirectional hybrid simulation where the
secondary system is ignored and only the primary system is
modelled and analysed in the IM. Hence, for the first PSD
test, the mass-spring-dashpot system in Figure7 is
modelled only in the in-plane direction and the substructure

element is subjected to in-plane displacements only. For the
second PSD test (bidirectional PSD test), both the primary
system and secondary system were modelled and the
substructure element is subjected to both in-plane and
out-of-plane displacements. The results of unidirectional
PSD tests and bidirectional PSD tests could be used for
comparing the responses of the pier under unidirectional
and bidirectional loading respectively.

The governing equations of motion are Equation (10) in
the in-plane direction and Equation (11) in the out-of-plane
direction in the PSD test, with damping forces also
considered in the equation of motion (cip and Coop
respectively as shown in Figure 7.

[m:m'] {xu} + [c[p]{xﬁ'} + [kr_uf] {xu'} = _[m:m'] {xg} (1 1)
[m}.d]{]."'d} + [cuup]{};d} + [k_rd"' K o] (yad = _[m}'d]{}iq} (12)

Further, the experimental module (sub-structure module)
consists of the physical specimen. For the first time-step, in
the integration module, Equations (11) and (12) are solved
using a predefined in-plane and out-of-plane initial stiffness
which is close to the corresponding stiffness of the pier.
Accordingly, the displacements corresponding to the
primary system response and secondary system response
are obtained. These displacements are applied on the pier
in the in-plane and out-of-plane direction respectively. Load
cells will be connected to both the in-plane and out-of-plane
actuators for measuring the restoring forces at the end of
Step 1. The restoring forces will be measured in both
directions during the application of these displacements.

For the second time-step, for both the primary system
response and secondary system response, Equations (11)
and (12) are solved with restoring forces obtained in Step 1
from the load cells in the experimental sub-structure.
Following this, the displacements obtained by solving
Equations (11) and (12) are applied on the sub-structure
module. At the end of Step 2, the restoring force is
measured from the load cell and fed back to the numerical
model to be incorporated in the equations for Step 3. Thus,
for each time-step, the restoring forces in both the in-plane
and out-of-plane directions are measured and the equations
of motions are updated with these restoring forces. Hence,
the updated stiffness in both the in-plane and out-of-plane
directions is represented in the respective equations of
motion thereby representing the actual response of the pier
during bidirectional excitation.
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Figure 6 URM wall - macroelement definition
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Figure 7 Integration module — OpenSees

Table 1
Mechanical properties (Sub-structure module)
Material Properties Values
Young’s Modulus (MPa) 2100
Poisson’s Ratio 0.25
Mass Density (kN/m3) 19
Tensile Strength (MPa) 0.15
Tensile Fracture Energy (N/m) 7
Compressive strength (MPa) 4.75
Compressive Fracture Energy (N/m) 15180
6. NUMERICAL HYBRID SIMULATION pier was modelled in OpenSees as an elastic spring with a
stiffness corresponding to the cracked stiffness (50% of the
Initially, numerical hybrid simulation was carried out to stiffness) of the pier. The tributary mass on the pier for the
simulate the experimental PSD tests numerically. This was primary system corresponds to 5.3 tonnes and for the
to set the modelling parameters for the integration module secondary system, the mass corresponds to 4.7 tonnes,
and ensure that the communication loop between the calculated from a typical URM model building. The
integration module and sub-structure module is functioning numerical model for diaphragms (represented by kyd) is
properly. explained elsewhere [29].
6.1 Integration module 6.2 Sub-structure module
The integration was modelled in OpenSees as it is and the The sub-structure element was modelled in OpenSees
sub-structure module was simulated using a numerical using the 3 noded macroelement by Vanin et al. [30]. The
model in OpenSees. The spring element representing the material properties adopted are summarized in Table 1.
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Non-linear pushover analysis of the pier was carried out in
OpenSees to obtain the capacity curves for the substructure
element in both the in-plane and out-of-plane directions. The
capacity curve of the pier obtained is shown in Figure 8.
Results show that the failure mechanisms (rocking in the
out-of-plane direction and flexural toe compression in the in-
plane direction) were adequately captured by the macro
model. Small differences (in the range of 25-30%) in the
capacity estimates are expected for macro element-based
models compared to the experimental specimens. This is
mainly due to the simplified macro modelling approach
where homogenization of material properties is adopted for
modelling a non-homogeneous material like masonry.

6.3 Communication and feedback loop

Ground motion records corresponding to the Montenegro
seismic event at the station Veliki Ston-F-Ka Soli (Record
sequence number: 4459) was adopted for the PSD tests.
The Montenegro earthquake event of 1979 is considered as
relevant in the study of URM structures and for the
development of assessment protocols for the same. In
addition, the frequency content of the ground motion
matches with the time period of unreinforced masonry
buildings. Therefore, a significant number of the shake-table
tests carried out in the study of unreinforced masonry
buildings have adopted the Montenegro record as the input
ground motion ([31-33]). The principal frequency contents
(2-10Hz) of the Montenegro ground motion (PGA = 0.22g)
matches with the typical period of URM buildings and allows
a reliable comparison of results. Even though this is not a
dynamic test and hence, frequency content of the ground
motion does not affect the experimental substructure, it is
important to make sure that the ground motion adopted for
this study causes damage to short period rigid buildings like
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URM buildings. Therefore, the response spectrum of the
ground motion was plotted and it is observed that the
dominant frequency of the ground motion lies between 2Hz
to 10Hz. The time period of the model building falls within
this range and hence this choice is validated. The peak
amplitudes of the ground motion resulting in inelasticity in
the structure are covered within the first 5 seconds which
makes it ideal for carrying out pseudo-dynamic testing
considering the timescale to be adopted for the test.

Accordingly, the integration module was subjected to the
ground motion and network communication was established
with the substructure module for restoring force feedback. A
Newton Raphson algorithm with an Alpha OS integrator was
used in the analysis with an a value of 0.9. Rayleigh
damping was considered in the model with stiffness
proportional damping with the damping ratio considered as
2% for unreinforced masonry structures. Results of the
analysis are detailed below.

7. EXPERIMENTAL HYBRID SIMULATION -TEST SETUP

7.1 Integration module
The integration module for experimental hybrid simulation
was as explained in sections 5 and 6.

7.2 Substructure module

The test setup for the PSD tests consisted of the
substructure element anchored to the test floor with no
vertical pre compression applied on the test specimen. This
was to simulate the case of lightly loaded piers typical of the
top story of a URM building. Hydraulic actuators of 500kN
capacity were used for applying the displacements obtained
from the IM in both the in-plane and out-of-plane directions
(Figure 9).

o ] T &a Ba B0
DHsplpnement | mm]

Numerical model calibration — capacity curves- in-plane (left), out-of-plane (right)

0
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Figure 9 Experimental sub-structure — primary system (left), secondary system (right)
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The details of the test setup are shown in Figure 9. Linear
Variable Displacement Transducers (LVDTs) 1, 2, 5, 6 and
7 were used for the measurement of IP displacements.
Among them LVDT 1 was used to measure the stroke
displacement, i.e. displacement of the actuator and LVDT 2
was used to measure the specimen displacement
corresponding to the actuator stroke. LVDTs 5, 6 and 7
measured the displacement at the top, mid-height and
bottom of the specimen respectively. Similarly, LVDTs 3, 4,
8, 9, 10 and 11 were used for measuring the OOP
displacements. LVDT 3 was used to measure the actuator
stroke in the out-of-plane direction and 4 was used for
measuring the corresponding specimen displacement.
LVDTs 8, 9, 10 and 11 were placed symmetrically with
respect to the centreline of the specimen at the top and
bottom of the pier respectively. This was to check the
possibility of torsional deformations in the out-of-plane
direction. LVDTS 12 and 13 measured the shear
deformation. The LVDTs had sensitivity for measuring up to
10-6mm.

7.3 Communication and feedback loop

The communication and feedback loop adopted in the test is
detailed in Figure 5. However, the specimen deformation will
not be the same as that of the applied stroke displacements
due to the flexibility of the reaction system and connecting
plates in the test setup. To account for these losses, an
error compensation scheme is employed in NICON to
ensure that the stroke displacement is modified so as to
match the command displacement and specimen
displacement. Accordingly, LVDTs 1 and 3 (in the in-plane
direction and out-of-plane direction respectively) measure
the actuator stroke displacement. The load cell measures
the restoring force from the specimen and this is sent back
to NIDAQ as analog voltage signals. These analog voltage
signals are converted to digital by NICON, thereby
estimating the restoring force in each cycle. Further, NICON
sends the restoring force back to the integration module in
OpenSees [34]. Thus one cycle is completed and this
restoring force is adopted in the equation of motion for
calculating the displacements in the IM in the next cycle.

8. RESULTS

The in-plane displacement histories of the pier in the
unidirectional and bidirectional PSD tests are shown in
Figure 10. The in-plane force-deformation hysteresis of the
pier is shown in Figure 11. The experimental PSD test was
carried out for the first 400 time steps for unidirectional
loading and 200 time steps for bidirectional loading. This

Bidirectional PSD 1
= Unidirectional PSD

Displacement [mm)

Time (5)

Figure 10 Displacement history - unidirectional
vs bidirectional

corresponds to 6 full cycles under unidirectional loading and
3 full cycles under bidirectional loading. The results of
further time steps were not available due to various
challenges with the actuator controller.

Results show that there is an appreciable effect of
bidirectional loading on the response of the URM pier. It is
already established from monotonic tests that there is a
stiffness degradation and reduction in the toe crushing
capacity of the pier due to bidirectional loading [8]. However,
the bidirectional PSD tests show that not only the ultimate
capacity, but also the rocking resistance is being reduced in
each cycle due to the effect of bidirectional loading.
Although the global failure mechanism in terms of flexural
rocking was observed to be unchanged between
unidirectional and bidirectional PSD tests, the method of
resistance derived from the mechanism across the failure
domain was observed to be altered. There is higher
pinching effect and stiffness degradation even at low drift
levels of 0.3%. This indicates that the hysteresis rule will
invariably get altered under the effects of bidirectional
loading. Under unidirectional loading, flexural rocking as a
mechanism is associated with low levels of energy
dissipation. However, this is not the case with the same
mechanism under bidirectional loading.

A comparison of in-plane displacement histories under
unidirectional and bidirectional loading (Figure 10) shows
that the displacement response is amplified under
bidirectional loading. A maximum in-plane displacement
amplification corresponding to 30% was observed under
bidirectional loading compared to the unidirectional loading
scenario. This is mainly due to the reduced in-plane
stiffness under bidirectional loading, further confirmed by
Figure 11 which indicates that both unidirectional and
bidirectional hysteresis loops were characterized by strength
and stiffness degradation. In addition, softening of the
hysteresis loop was observed for both cases. However,
hysteresis pinching and increased energy dissipation during
the cycles were observed for the bidirectional loading case.
Pinching of hysteresis was due to the relative displacement
of the masonry block along the failure plane. Unlike
unidirectional loading where rocking and associated crack
opening and closing are the only sources of energy
dissipation, in bidirectional loading, the panel undergoes
deformation in both in-plane and out-of-plane directions
resulting in sliding of the macro block at the joint. For the
in-plane response, the displacement in each cycle under the
bidirectional PSD test was observed to be higher than the
corresponding unidirectional test. This is due to the reduced
stiffnress and restoring force in each cycle during the
bidirectional PSD test.

In-Plane Restoring Force (kN)

Unidirectional PSD

Bidirectional PSD
BT —— — . = - =3
6 -4 2 o 2 4 6

Displacement (mm)

Figure 11 Force-displacement hysteresis -
unidirectional vs bidirectional
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Further, results from the numerical hybrid simulation for
the bidirectional PSD test were compared with the
experimental test results. The in-plane displacement history
and out-of-plane displacement history from bidirectional
PSD compared with the numerical hybrid test is shown in
Figure 12(a) and 12(b) respectively. The results for the
in-plane direction indicate that the displacement on the wall
has been amplified in the experimental results compared to
the numerical results. The maximum amplification was
observed to be 105%. Since the existing numerical models
do not account for the stiffness reduction in the in-plane
direction due to out of plane displacements and vice versa,
the predicted displacements from numerical PSD test are
expected to be lower than the experimental PSD test.
However, the effect was seen to be not as pronounced as

observed for the displacement history in the out-of-plane
direction (Figure 12(b)). For the out-of-plane direction,
the displacement history was observed to be affected in
terms of not only the peak amplitudes, but also the
frequency content of the response. The out-of-plane
response represents the response of the secondary
system including the diaphragm and the out-of-plane
response of the pier. Accordingly, drift orbit for
bidirectional response was generated for both the
experimental and numerical PSD test as shown in
Figure 13. It shows that there is an amplification of the drift
orbit due to the effect of bidirectional response, indicating
that there is a reduction in in-plane stiffness due to out-of-
plane displacements and also out-of-plane stiffness due to
in-plane displacements.
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9. DISCUSSION

Based on the results from the PSD tests, the rocking
behaviour of URM walls under unidirectional and
bidirectional loading is idealized as shown in Figure 14. In
general, a rocking URM wall is characterized by a flag
shaped hysteresis. The salient points of the curve are
detailed in Figure 14. Once the wall undergoes cracking,
rocking is initiated about the crack location followed by the
opening of the crack with increased displacements. During
load reversals, the closure of the crack initiates with reversal
from the deformed configuration under rocking. Since the
majority of the crack is closed during load reversal, the
rocking mechanism is characterized by less hysteretic
energy dissipation when the applied displacements are
reduced. However, this may not be the case with
bidirectional loading as shown in Figure 14. Since the wall is
under out-of-plane cyclic displacements along with the in-
plane cyclic displacements, a complete crack closure is not
feasible under bidirectional loading. This results in a
pinching of the hysteresis loop and increased hysteretic
energy dissipation even when the in-plane displacements
are a minimum. This could result in an accelerated strength
deterioration at the cracked joint due to the combined
loading effects, resulting in a net reduction in the effective
area available for compression at the cracked joint. This
further leads to a reduction in the restoring shear during the
rocking mechanism thereby causing a decrease in the
flexural capacity of the wall, as observed from the test
results.

10. CONCLUSIONS

Bidirectional interaction in URM structures is a topic which
has not been comprehensively addressed so far by existing
research. For URM buildings, the most challenging aspect in
a bidirectional loading scenario is the significant difference
in the resisting mechanisms in the in-plane and out-of-plane
directions which makes the choice of loading protocol
critical. Hence, as a primary step, the evolution of failure
domains in URM walls under bidirectional loading needs to
be established. Pseudo dynamic testing has been a
successful approach for capturing the interaction response
in various structural members and the current set of studies
signifies the same for URM walls as well. The results
obtained provide valuable insights into the behaviour of
piers under bidirectional loading. Degradation in strength
capacity as well as stiffness was observed for URM piers
under bidirectional loading. This is well represented by the
bidirectional drift orbit which indicates an enlarged drift orbit
under bidirectional loading. In addition, the hysteresis loop
was also observed to be affected in terms of pinching of the
loop resulting from the crack opening due to the combined
effects of in-plane and out-of-plane loading.

11. LIMITATIONS

The scope of the current tests is limited by the number of
time-steps and load cycles executed by the test specimen.
A greater number of time-steps and load cycles up to the
failure of the specimen would be required to trace the
response of the element until failure. Hence, the current
results should be considered only as an indicator for the
response and evolution of the failure domain under
bidirectional loading for rocking masonry piers. To quantify
these in terms of a simplified analytical model, many more
experimental tests and further detailed investigations need
to be carried out.
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